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Main Text
The efficient electrochemical conversion of H 2 O and CO 2 into fuel is an attractive technique for storing energy produced by intermittent renewable energy sources such as solar or wind. Feasible large-scale deployment of this type of system requires the discovery of improved electrocatalysts containing only earth-abundant elements. [1] [2] [3] In particular, the 4-electron oxygen evolution reaction (OER) is kinetically slow and improved catalysts are required for artificial photosynthesis and electrolysis of hydrogen or carbon-containing fuels. 2 Because a robust fundamental understanding of the basic science and mechanistic details of multi-electron heterogeneous electrocatalysis is lacking, an efficient high-throughput synthesis and property screening methodology is well-suited to empirically discovering the requisite new catalytic materials. [4] [5] [6] [7] [8] [9] [10] [11] Ideally, the newly discovered materials will not only perform better under operational conditions, but display unique behaviors that contribute to the fundamental understanding of these complex reactions. Combinatorial methods have previously been used to search pseudoternary spaces for improved OER catalysts. [7] [8] [9] To broaden the catalyst search we have developed very high throughput techniques capable of screening pseudoquaternary spaces and describe high throughput screening techniques designed specifically for discovery of OER catalysts for artificial photosynthesis. The effectiveness of this approach is demonstrated by our discovery of a new, highly active family of OER catalysts in an unpredicted composition space, providing new pathways for engineering optimization and OER catalysis science.
Mixed metal oxides in the (Ni-Fe)O x and (Ni-Co)O x composition spaces are among the most active and most studied OER catalysts. 2, [12] [13] [14] [15] [16] [17] [18] [19] The addition of a few at% Ce to Ni has also been reported to provide an initial enhancement in activity. 20 However, over time that activity degrades to overpotentials typical for Ni-based catalysts. 21 To identify the optimal Ni-based mixed metal composition with Ce addition, we have used a high-throughput strategy to synthesize all compositions at 3.3 at% steps in the pseudoquaternary (Ni-Fe-Co-Ce)O x composition space. In contrast to a more traditional approach of modifying a known highperforming material to find a locally optimal composition, 5 our thorough investigation of the entire pseudoquaternary phase space revealed a new catalytically active composition region, separated from the known (Ni-Fe)O x region by less active compositions. High throughput measurement conditions are often quite different from technologically relevant conditions, inhibiting direct transfer of hit materials to operational devices. To address this challenge, we rapidly executed follow-up studies to accelerate the technological development of the newly discovered material. Catalysts in this previously unexplored composition space were evaluated using several standard electrochemical techniques, resynthesized using an alternate deposition technique, and operated in a solar fuels testbed system. These studies verified the performance and viability of the catalyst and additionally revealed a unique Tafel behavior, providing opportunities for further scientific study and engineering optimization.
The pseudo-quaternary (Ni-Fe-Co-Ce)O x library was deposited as an array of 5456 discrete compositions at 3.3 at% composition steps. 22, 23 The compositions were produced by inkjet printing four separate metal precursor inks (3.8 nanomoles of metal in each 1 mm 2 spot), prepared by a previously described method, 11, 24 onto a conducting substrate. The inks were dried and the metal precursors converted to oxides by calcination in air at 350 °C. This produced material that was x-ray amorphous, which has been shown to improve the performance of some OER catalysts. 25, 26 Multiple spots in the library were confirmed by EDX to have the intended compositions. The catalytic performance of each composition was evaluated in O 2 -saturated 1.0 M NaOH(aq) using a previously described, custom-built scanning droplet cell (SDC). 23 The scanning droplet cell provided an individual 3-electrode cell for each sample, including the conducting substrate, a capillary Ag/AgCl reference electrode and a platinum wire counter electrode. The activity of each catalyst composition was characterized using a 10 s chronopotentiometry (CP) measurement at 10 mA/cm 2 (geometric area, all current densities in this work reference geometric area), followed by a cyclic voltammetry (CV) measurement between 0 mV and 440 mV overpotential for the OER reaction with a sweep rate of 150 mV/s. Further details are available in the Electronic Supplementary Information (ESI).
The relative electrocatalytic performance of each composition was screened using several different figures of merit (FOM). A 10% efficient artificial photosynthetic system produces a catalytic current of approximately 10 mA/cm 2 (geometric area); 1 therefore, the most informative FOM for photoelectrochemical water-splitting devices is the overpotential (η) for the OER at 10 mA/cm 2 , 21, 27, 28 which is mapped in Figure 1 for the entire composition space. In Figure 1A To better visualize the activity trend between and around these locally optimal compositions, a pseudoternary slice depicted in Fig. 2A is shown in Fig. 2B . This visualization of the relationship between the two catalysts provides a clear depiction of why a traditional gradient-based search algorithm would fail to identify the new high-Ce catalyst. A more traditional search strategy would start with a known performer and modify it to identify trends in improved performance that lead to a superior composition. Our high throughput screening demonstrates that applying this methodology to the known highly active (Ni- Since optimized catalyst electrodes can typically be synthesized with an electrochemically active surface area many times greater than the geometric surface area, lower geometric current densities are also relevant to FOM catalyst screens for artificial photosynthesis, motivating our definition of a second FOM, the OER catalyst overpotential at 3 mA/cm 2 . Figure 2C presents this alternative FOM, showing that at this lower current density the newly discovered high-Ce catalyst requires significantly lower overpotential than the low-Ce compositions.
While the high-throughput synthesis and screening techniques described above enabled the discovery of a new OER catalyst, we used traditional electrochemical techniques to confirm the catalytic activity. The representative compositions from the low-Ce and high-Ce composition regions were deposited on glassy carbon (GC) rods (at 7.5 nanomoles of metal/mm 2 ) using the same inkjet printing and processing conditions used to prepare the composition library on FTOcoated glass plates. The GC rods coated with each composition were used as rotating disk electrodes (RDE) and subjected to a standardized series of electrochemical characterizations specifically designed for evaluating the activity and stability of electrocatalysts for solar water splitting devices, described in detail elsewhere, 21 For each composition, the different samples and measurement techniques produced a consistent voltage-dependence of the catalytic current, which is typically quantified by the Tafel slope. The quasi-steady state RDE CP and RDE CA measurements provide the best data for determination of Tafel slope. Using these data in the 0.1 to 10 mA/cm 2 range, the Tafel slopes for the low-Ce and high-Ce catalysts were found to be approximately 40 mV/dec and 70 mV/dec, respectively. These slopes are shown in Figure 3 , and for each catalyst a similar Tafel slope is observed for both the SDC CV and RDE CV measurements. The low-Ce Tafel slope is similar to reported values between 30 and 45 mV/dec reported for Fe 0.1 Ni 0.9 O x to Fe 0.5 Ni 0.5 O x . 1, 10, 12, 13 We note that the measurements above 10 mA/cm 2 have known artifacts due to bubble formation and adhesion onto the catalyst surface. Compared to the previously studied (Ni-Fe)O x catalyst in the low-Ce composition region, the newly discovered high-Ce catalyst exhibited a significantly larger Tafel slope. The value of the Tafel slope is related to the fundamental reaction mechanism of catalysis, particularly for the rate limiting step. 1, [29] [30] [31] However, more than one proposed reaction mechanism will produce the same Tafel slope, so the Tafel slope cannot be used as the sole diagnostic parameter for determining the reaction mechanism, particularly for a complex 4 e-reaction like the OER. However, observation of different Tafel slopes for the low-Ce and the high-Ce catalyst compositions is a strong indication that a change in reaction mechanism or rate limiting step has occurred.
The Tafel slope is also an important engineering parameter. In conventional electrolytic cells, a catalyst with a low Tafel slope is preferred, because these devices are operated at high geometric current densities, typically in excess of 1 A/cm 2 . A low Tafel slope indicates that a large increase in the current density exacts a relatively small increase in applied overpotential.
That is, the rate of production can be increased with only a small penalty in efficiency, or production cost. In distributed solar fuels generation the applicable current densities are far lower, near 10 mA/cm 2 , and the focus of catalyst development is to minimize the overpotential at this current density. At these current densities, the effective exchange current density may be a more significant measure of catalyst suitability than the Tafel slope. 1 The Tafel slope also indicates the decrease in catalyst overpotential at a particular geometric current density that can be attained by an increase in surface area. For example, at a current density of 10 mA/cm 2 creating a low-Ce catalyst with ten-fold increase in surface area would decrease the overpotential by approximately 40 mV. Making the same modification to the high-Ce catalyst would decrease the overpotential by approximately 70 mV.
The difference in current between the SDC and RDE data may be due not only to (Figure 4 ) showed that the bulk and near-surface catalyst compositions remained largely unchanged by the extensive electrochemical testing (see Table 1 ). Considering the relative EDS and XPS measurements, the low-Ce catalyst may have lost some Fe but is overall quite electrochemically stable, and the high-Ce catalyst shows excellent electrochemical stability.
The high-Ce catalyst was also tested in a solar fuels testbed system in which an alkaline electrolyzer was built using an 11 µm-thick anion exchange membrane (Tokuyama A901), sputtered NiMo cathode, and Ni 0.3 Fe 0.07 Co 0.2 Ce 0.43 O x anode. The 2.5 cm 2 planar anode was prepared using the inkjet deposition method described above, creating a high-Ce catalyst similar to that contained in the catalyst library of Direct comparison with catalysts reported in the literature is confounded by the wide variety of electrochemical testing conditions and diverse performance metrics used in the literature. Many factors are known to impact the measured catalyst performance (overpotential at a particular current density), including the real surface area, the electrochemically active surface area, preconditioning to convert to an active form of the catalyst, composition of the substrate, pH, electrolyte cation, specific absorption of buffering agents. In the search for mechanistic insights different researchers have not only used different measurement conditions, but have used different performance metrics (specific activity, several definitions of turnover frequency, or other metrics of their own devising). A detailed comparison of recently reported OER catalysts measured using disparate methods is beyond the scope of this communication. We refer the reader to just such a comparison by Trotochaud and Boettcher. 32 We are most interested in the discovery of electrocatalysts technologically relevant to distributed photoelectrochemical fuels generation, which requires low overpotential at a current density of approximately 10 mA/cm 2 geometric area. Fortunately, a protocol specific to standardized testing of electrocatalysts under conditions appropriate for distributed solar fuels generation has recently been developed and published. 21 traditional electrochemistry on rotating disc electrodes; Dan Guevarra for assistance with high throughput electrochemistry experiments; Paul Newhouse for assistance with preparation of glassy carbon rods for printing; Will West and Chris Karp for assistance with electrolyzer testbed Faradaic efficiency and headspace measurements; Martin Marcin for assistance with assembly of high throughput electrochemistry experiments; the Microanalytical Center in the College of Chemistry, UC Berkeley for ICP-OES measurements; Karl Walczak for preparation of the NiMo cathode used in the testbed system; and the U. S. Army Research Laboratory for providing the anion exchange membrane used in the testbed system. Table 1 . Comparison of intended film compositions ink jet-printed onto glassy carbon disks with those measured by EDS and XPS as-calcined and after the standard battery of electrochemical tests. The XPS analysis indicates that the surface composition may differ from the bulk.
Sample
Target Composition
EDS Composition XPS Compositions
As-calcined After e-chem As-calcined After e-chem Fig. 1 . Performance map of (Ni-Fe-Co-Ce)O x oxygen evolution catalysts. The composition map of the overpotential required for performing oxygen evolution at 10 mA/cm 2 from CP measurements is shown (A) in the quaternary composition tetrahedron and (B) as a series of pseudoternary slices through the quaternary space. The Na 2s peak only appears on samples exposed to 1.0 M NaOH during electrochemical testing. 
